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Abstract

Acute myeloid leukemia (AML) with mutated nucleophosmin (NPM1) has been defined as a distinct
leukemia entity in the 2016 updated WHO classification of myeloid neoplasm. Our previous report
showed that autophagic activity was elevated in NPM1-mutated AML, but the underlying molecular
mechanisms remain elusive. Mount of study provides evidence that glycometabolic enzymes are
implicated in the autophagic process. Pyruvate kinase isoenzyme M2 (PKM2), a key glycolytic
enzyme, has been recently reported as a tumor supporter in leukemia. However, little is known
about the roles of PKM2 in autophagic activity in NPMI-mutated AML. In this study, PKM2 highly
expressed in NPM1-mutated AML, and partially, high levels of PKM2 were upregulated by PTBPI.
Further experiments demonstrated that PKM2 mediated autophagic activation and increased the
phosphorylation of key autophagy protein Beclin-1. Importantly, functional experiments
demonstrated that PKM2 contributed to cell survival via autophagic activation. Ultimately, high
PKM2 expression was associated with short overall and event-free survival time in NPMI-mutated
AML patients. Our findings indicate for the first time that glycolytic enzyme PKM2 mediates
autophagic activation and further contributes to cell survival in NPM1-mutated AML, suggesting that
PKM2 may serve as a promising target for treatment of NPMI-mutated AML.
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Introduction

Acute myeloid leukemia (AML) is a highly
heterogeneous disease characterized by genes
mutations that affect proliferation, differentiation and
apoptosis [1. Recently, AML with nucleophosmin
(NPM1) gene mutations is recognized as a separate
entity in the 2016 updated World Health Organization
(WHO) classification of myeloid neoplasms [l
Notably, NPM1 mutation is present in 50-60% of
cytogenetically normal AML (CN-AML) cases Bl
Although it has been well established NPM1 mutation

as an AML-driving lesion, this mutation alone is not
sufficient to cause leukemogenesis and it requires
cooperative events that aid leukemogenesis . Our
newly published report showed that autophagic
activity was elevated in NPM1l-mutated AML Bl
However, investigations conducted on the molecular
mechanism of autophagic activation in the pathogen-
esis of NPM1-mutated leukemia are limited.
Autophagy is primarily a degradative pathway
that clears malfunctioning cellular components in
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response to various types of stress [0 Preclinical
investigations have shown that the dysregulation of
autophagy is associated with hematological maligna-
nciesl’l. Of note, mount of evidence has demonstrated
that an essential role of autophagy in the regulation of
AML progression Bl. In a study by Torgersen et al. [,
autophagic activation induced by histone deacetylase
inhibitors (HDACI) has a prosurvival role in t (8;21)
AML cells. It has been well acknowledged that
autophagy is highly regulated through the action of
various protein kinases, phosphatases, and guanosine
triphosphatases (GTPases) [1%. Supporting this idea is
a recent study showing that phosphoglycerate kinase
1 (PGK1), one of two ATP-generating enzymes in the
glycolytic pathway, mediated the autophagy keeper
Beclin-1 phosphorylation to initiate autophagy and
was instrumental for brain tumorigenesis [l
Additionally, pyruvate dehydrogenase kinase-1
(PDK1) was found to interact with autophagy protein
ULK1 to induce autophagy in AML [2. Another
report also revealed that lactate dehydrogenase B
(LDHB) sustained lysosomal acidification and
controlled the fusion between lysosomes and
autophagosomes, thus to promote autophagy and
cancer cell proliferation 3. As mentioned above, a
number of studies have shown the role of glycometa-
bolic key enzymes during autophagy process. In
particular, pyruvate kinase (PK), another ATP-
generating enzyme in the glycolytic pathway, is
uniquely important to the molecular feature of tumor
development 4. More specifically, the PK isoenzyme
M2 (PKM2), governed by polypyrimidine tract
binding protein (PTBP1/PTB) mutually exclusive
alternative splicing of pyruvate kinase M (PKM) gene,
has been reported to play a critical role in protecting
tumor against stress in primary hematopoietic cells as
its nonglycolytic functions [l In this regard, we
explore whether PKM2 participates in the regulation
of the autophagic process in NPM1-mutated AML.
Autophagy includes several key steps and each
of these steps is tightly regulated by autophagy-
related proteins (Atgs) [1°l. An early step in autophagy
initiation is the binding of Beclin-1 (mammalian
homolog of yeast Atg6) to the class Ill-type phospho-
inositide 3-kinase (Class III PI3K, also known as
Vps34), which promotes the recruitment of other Atg
proteins to the phagophore membrane ['71. It has been
well documented that the regulation of Beclin-1 may
be critical for autophagy induction [8l. Under normal
steady-state growth conditions, Beclin-1 binds to Bcl-2
anti-apoptotic family members, which represses
Beclin-1-dependent autophagy . Accordingly, the
dissociation of Beclin-1 from its inhibitor Bcl-2 is
essential for its autophagic activity. Increasing lines of
evidence suggest that the interaction between Beclin-1

and Bcl-2 are subject to protein post-translational
modifications, including TRAF6-mediated ubiquitina-
tion of Beclin-11?l and JNK-mediated phosphorylation
of Bcl-2[21l. Noticeably, Zalckvar et al.l?2l demonstrated
that death-associated protein kinase (DAPK)
phosphorylated Beclin-1 at Thr119, which displaced
Bcl-2 from Beclin-1 and thus led to autophagic
activation. Given that PKM2 acts as a dual-specificity
protein kinase that phosphorylates both the Ser/Thr
and Tyr residues of its substrates [23 24, further efforts
are required to reveal whether PKM2 phosphorylates
Beclin-1 to activate autophagy in NPMIl-mutated
AML cells.

Herein, we show that PKM2 highly expresses in
NPM1-mutated AML, and high levels of PKM2 are
partially upregulated by PTBP1. Further experiments
demonstrate that PKM2 mediates autophagic
activation and increases the phosphorylation of key
autophagy protein Beclin-1. Importantly, PKM?2
contributes to cell survival via autophagic activation
in vitro. Ultimately, high PKM2 expression is
associated with poor clinical outcomes in
NPM1-mutated AML patients. This study suggests
that the nonglycolytic role of PKM2 in autophagic cell
survival and PKM2 may be a promising therapeutic
target for NPM1-mutated AML.

Materials and Methods

Oncomine and TCGA database gene
expression analysis

Oncomine database (https://www.oncomine.
org/resource/login.html), an online tumor microar-
ray database, was utilized to analyze the transcription
levels of PKM2 in AML. According to the French-
American-British (FAB) classification, a total of 43
AML cases was divided into eight leukemia subtypes
and PKM2 expression levels were analyzed. The
expression fold change of PKM2 in each AML subtype
was obtained as the parameters of p-value < 0.05, fold
change > 2, and gene ranking in the top 10%.

Gene expression levels and clinical information
of 200 AML patients were retrieved from The Cancer
Genome Atlas (TCGA, http://www.cancergenome.
nih.gov). A total of 171 samples had [luminaGA
RNA-Seq gene expression data. Clinical data and
PKM2 mRNA expression data for AML samples were
analyzed using the cBioPortal for Cancer Genomics.
The PKM2 mRNA expression was compared between
AML cases (years > 55) with the NPM1 mutation (n =
22) and those without the NPM1 mutation (n = 25).

Clinical patient samples

The study was carried out on diagnostic bone
marrow samples from 30 AML patients: 16 NPM1-
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unmutated and 14 NPMIl-mutated cases were
obtained from Southwest Hospital of the Third
Military Medical University and the First Affiliated
Hospital of Chongqing Medical University. The
mononuclear cells were enriched by Ficoll gradient
purification and used for analysis of genes mRNA
relative  expression. Details of the clinical
characteristics of patients are provided in Table 1. The
mRNA expression levels were analyzed using the 2
AaCtmethod and expressed as a fold change.

Table 1. Clinical characteristics of newly diagnosed AML patients

Characteristics Median(range) No. of cases
Sex

Female 14
Male 16
Total 30
Median age, y 55.5(8-79)

Younger than 40 y 8
40-60 y 9
Older than 60 y 13
Median WBC, 10%/L 44 (0.3-295)

Median platelets, 105/L 57.3 (3.0 - 655.0)

AML FAB subtype

AML without maturation: M1 3
AML with maturation: M2 7
Acute promyelocytic leukemia: M3 4
Acute myelomonocytic leukemia: M4 5

1

Acute monoblastic or monocytic
leukemia: M5

Other subtypes 1
Karyotype

Normal 14
(8;21) 3
t(15;17) 4
inv(16) 7
Unknown 2
Gene mutations

NPM1 14
FLT3/ITD 10
WT'1 4
CBFB-MYH11 3

Reverse transcription and real-time PCR

RNA was extracted using TRIzol (Takara, Kyoto,
Japan) according to the manufacturer’s procedures.
The concentration and purity of the total RNA were
evaluated by ultraviolet spectrophotometry. Total
RNA was stored at -80 °C until analysis could be
performed. After RNA extraction, 1 pg of total RNA
was retrotranscribed using PrimeScript™ RT Reagent
Kit (Takara, Kyoto, Japan), used as a template for
conventional PCR reactions. Real-time PCR analysis
was performed using MJ Mini™ Gradient Thermal
Cycler Real-Time PCR machine (Bio-Rad, CA, USA)
with the SYBR Green reaction kit (KAPA Biosystems,
MA, USA), according to the manufacturer’s
instructions. Primers used are listed in Table 2.

Table 2. The PCR primer sequences for each gene used in this
study

Genes Sequences(5' - 3')
PKM2 F: 5-GCCTGCTGTGTCGGAGAAG-3'

R: 5-CAGATGCCTTGCGGATGAATG-3'
Beclin-1 F: 5-CAGGAGAGGAGCCATTTA-3'

R: 5-CCGATCAGAGTGAAGCTA-3'
LC3 F: 5-GACCGCTGTAAGGAGGTGC-3'

R: 5'-CTTGACCAACTCGCTCATGTTA-3'
p62 F: 5-GGGGACTTGGTTGCCTTTT-3'

R: 5'-CAGCCATCGCAGATCACATT-3'
PTBP1 F: 5-ATCAGGCCTTCATCGAGATGCACA-3'

R: 5-TGTCTTGAGCTCCTTGTGGTTGGA-3'
PKM1 F: 5-CGAGCCTCAAGTCACTCCAC-3'

R: 5-GTGAGCAGACCTGCCAGACT-3'
P-actin F: 5-TAGTTGCGTTACACCCTTTCTTG-3'

R: 5-TGCTGTCACCTTCACCGTTC-3'

Abbreviations: AML, acute myeloid leukemia; y, year old; WBC, white blood cell;
FAB classification, French-American-British classification, a classification of acute
leukemia produced by three-nation joint collaboration.

Cell lines and culture

The myelogenous leukemia cell lines, including
THP-1, NB4, HL60, K562, KGla were procured from
the American Type Culture Collection (ATCC, USA).
The OCI-AML3 AML cells naturally harboring
NPM1-mA were obtained from Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH
(DSMZ, Germany). All of the cell lines were routinely
cultured in RPMI 1640 medium (Gibco, MD, USA),
supplemented with 10% fetal bovine serum (FBS;
Gibco, MD, USA) and 1% penicillin and streptomycin
(Beyotime, Shanghai, China), and maintained in a
humidified incubator at 37 °C with 5% CO..

Abbreviations: F stands for forward; R stands for reverse

Protein extracts and western blot

The cultured cells were washed and lysed in cell
extraction buffer. Cells were resuspended in RIPA
buffer (Selleck, TX, USA). After 10 mins on ice, the
extracts were centrifuged for 10 mins at 12,000 g, the
supernatants were collected and used for western blot
as described. Equal amounts of proteins were
separated on 12% polyacrylamide gels by SDS PAGE
and then transferred to PVDF membranes (Thermo
Fisher, MA, USA). The membranes were thereafter
blocked with 5% nonfat dry milk and incubated with
the desired primary antibody (1:1000) at 4 °C
overnight. Primary antibody as following: rabbit
monoclonal antibody PKM2 (Cell Signaling, MA,
USA ), rabbit monoclonal antibody LC3 I/II (Novus,
Co, USA), rabbit monoclonal antibody p62 (Abcam,
Cambridge, UK), Beclin-1 (Cell Signaling, MA, USA ),
p-Beclin-1™119 (Merck KGaA, Darmstadt, Germany),
PTBP1 (Abcam, Cambridge, UK), PKM1 (Cell
Signaling, MA, USA ), and rabbit polyclonal antibody
B-actin (Proteintech, IL, USA) as loading control. After
washed with 1x TBST for two times and 1xTBS once,
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membranes were incubated with HRP-conjugated
secondary antibodies (Proteintech, IL, USA) and
visualized using ECL detection kit (Millipore, MA,
USA). The densitometric analysis of the band gray
scales was performed by the Bio-Rad Gel Imaging
System on cool image workstation II (Viagene, FL,
USA). Protein expression quantification was
normalized against the [-actin protein expression
using image software.

Lentiviral vectors and cell infection

The lentivirus-based short hairpin RNA
(shRNA) vectors targeting PKM2 (5'- CATCTACCAC
TTGCAATTA -3') and scramble lentiviral vectors
were purchased from Genechem (Shanghai, China).
The OCI-AMLS3 cells were infected with lentivirus for
48 hrs in the presence of 5 pg/mL polybrene (Sigma,
CA, USA), after which they were subjected to 2
pg/mL puromycin selection for 7 d (Sigma, CA,
USA). The puromycin-resistant cells were isolated
and propagated for further analysis.

Plasmids and cell transfection

The PKM2 expression vectors (pcDNA3.1-PKM2
and pcDNA 3.1-PKM2 K367M) were gifts from Dr. Lu
Z (Department of Neuro-Oncology, Division of
Cancer Medicine, the University of Texas MD
Anderson Cancer Center, USA). PTBP1 expression
vector (Myc-tagged WT PTB) was purchased from
Addgene (http://www.addgene.org, # 23024). All
transfection experiments were performed using the
Neofect™ reagent (Neofect, Beijing, China) according
to the manufacturer’s instructions. After 48 hrs of
transfection, the cells were collected for real-time PCR
or western blot analysis.

Small interfering RNA (siRNA) and cell
transfection

The siRNA targeting PTBP1 (PTBP1#1: 5-GCAC
AGUGUUGAAGAUCAU-3' and PTBP1#2: 5'- AACU
UCCAUCAUUCCAGAGAA-3") and scramble siRNA
(5'-UUCUCCGAACGUGUCACGU-3') were purcha-
sed from Invitrogen (CA, USA). Transfection was
performed using the Rfect’™ siRNA Transfection
Reagent (BaiDai, Changzhou, China) according to the
manufacturer’s instructions. The transfected cells
were harvested for mRNA and for protein expression,
respectively.

Cell viability assay

Cells were seeded into a 96-well plate (Corning,
NY, USA) at a density of 1 x 103 cells per well with
RPMI-1640 containing 10% FBS, and subsequently
treated with rapamycin (5 pM) or 3-methyladenine
(3-MA) (2 mM) and Tat- Beclin-1 (30 pM) reagents
purchased from Selleck (TX, USA) for indicated times.

Cell viability was evaluated by Cell Counting Kit-8
(CCKS8, Dojindo Laboratories, Japan) every 12 hrs
following the manufacturer’'s protocols. The
absorbance was measured at 450 nm using the
microplate reader (Eon, BioTeck, CA, USA). The cell
growth curves were plotted with the cell number
values as the ordinate and time as the abscissa. Each
experiment was performed in triplicate.

Colony formation assay

The methylcellulose clonogenic assay was
carried out to determine cell colony formation ability
by plating 1x103 cells per well in triplicate in 24-well
plate, and maintained in RPMI 1640 medium contain-
ing 20% FBS at 37 °C in an incubator. Colony numbers
were scored 10 days later. The colony forming units
(CFU), defined as cell clusters consisting of more than
5 cells, were counted using an inverted microscope.

Flow cytometric (FCM) analysis

The Annexin V FITC-PI staining assay was used
to detect apoptosis. In brief, after silencing PKM2, the
cells were harvested and washed with PBS. Apoptosis
staining was performed using an Annexin V FITC-PI
apoptosis detection kit (BD Biosciences, Piscataway,
NJ, USA) according to the manufacturer's instruct-
ions. Stained cells were analyzed using FACSCali-
bur™ Flow cytometry (BD Biosciences) with Cell-
Quest software.

Survival analysis

Total of 45 NPMIl-mutated AML cases were
obtained from TCGA dataset. The NPM1 mutation
occurs frequently in normal karyotype AMLs and
cytogenetic abnormalities are responsible for poor
clinical outcomes in AML. Therefore, only 36
NPM1-mutated AML cases with normal karyotype
were included in our study. Finally, all patients were
stratified by PKM2 expression levels into quartiles
and median, to categorize patients into either a high
cohort or low cohort. The overall survival (OS) and
the three-year event-free survival (EFS) curves were
plotted according to the Kaplan-Meier methods.

Statistical analysis

All data were derived from three independent
experiments. Data were presented as the means +
standard deviation (SD). Significant differences
between groups were evaluated using Student’s -test
(two-tailed). A p-value < 0.05 was considered
statistically significant. The Kaplan-Meier estimation
and log-rank test were used to compare the survival
difference. The SPSS (Version 22.0) software and
GraphPad (Prism 5.0) was wused for statistical
analyses.
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Results

PKM2 highly expresses in leukemia with NPM1
mutation

To determine the expression levels of PKM2 in
AML with NPM1 mutation, we analyzed an
independent gene expression dataset using Oncomine
(https:/ /www.oncomine.org/resource/login.html).
The data showed higher PKM2 expression in M4/5
consist of monocyte blasts, which classified by FAB in
AML samples (Fig. 1A). Next, we detected the higher
expression of PKM2 in OCI-AML3 cells with the
NPM1 mutation by real-time PCR, compared to those
leukemic cell lines without the NPM1 mutation (Fig.
1B). In support, the high protein levels of PKM2 in

PKM2(IMAGE: 201251)
6.5
6.0
55 ma
50 1 +
as I
|

+

log2 median-centered intensity
s

05 (n=2) (n=7) (0=7) (n=10) (n=5) (n=4) (n=7) (n=1)

L 1 | 2 3 4 1 5 6 | 7 8
MO M1 N2 M3 M4 N4Eo MS M6
~
C <
X vl S A T
J ~
F Fags5¢8
(=] &~ - e

T e —— -l B- actin

Relative ratio of PKM2/p -actin
© 2 N w a a

OCI-AML3 cells were determined by western blot
(Fig. 1C). To further validate the above results, we
identified the transcript mRNA of PKM?2 from the
publically available TCGA RNA-seq dataset of AML
patients. As a result, PKM2 was preferentially higher
in the cases of AML with NPM1 mutation than in
those without the NPM1 mutation (p = 0.0235, Fig.
1D). Furthermore, we examined the mRNA levels of
PKM2 in 30 AML primary blasts. PKM2 mRNA expr-
ession was significantly increased in NPM1-mutated
AML cases (n =14), as compared to NPM1-unmutated
AML (n = 16) (p = 0.0367, Fig. 1E). These findings su-
ggest that PKM2 highly expresses in NPM1-mutated
leukemia.

B

1.59

1.04

PKM2 gene relatively expression

)

30000+

s

o

]

[}

[

™

o

x

L4

2>

[

2 [ ]
E .....
[

b

o

[

[T

(=]

o

<

o 0

20000+ [ L] o

10000+ L]

n=22 n=25

0
NPM1 mutation no NPM1 mutation

c

k=l

2 1.5, —
]

™

=% o

x

)

> 1.0 [

7] L]

3

® [

2 0.5- _3:_
Q ®

s oo:
o [ ]

o

=

b4

o

n=14

n=16

Figure 1. PKM2 highly expresses in leukemia with NPMI mutation. A PKM2 mRNA expression of AML samples was analyzed using Oncomine
(https://www.oncomine.org/resource/login.html). B The mRNA expression of PKM2 was detected by real-time PCR in five indicated myeloid leukemia cell lines. C
PKM2 protein expression was detected by western blot in leukemia cell lines. D RNA-seq mRNA expression data from the TCGA database were used to compare
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patients, consisting of 14 cases with NPM1 mutation and 16 cases with no NPM1 mutation. The data are expressed as the mean £ SD (n = 3). *p < 0.05.
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High expression of PKM2 is upregulated by
PTBPI1 in leukemic cells

Based on PTBP1 as a critical splicing factor
determining the relative expression of PK isoforms,
PKM1 and PKM2 %], we explored whether the PKM2
expression is regulated by PTBP1 in NPM1-mutated
AML. Firstly, we measured the basal levels of PTBP1,
PKM1 and PKM2. The results showed higher PTBP1
and PKM2 levels in OCI-AMLS3 cells, as compared to
THP-1 and NB4 cells (Fig. 2A-B). Next, knockdown
the expression of PTBP1 by siPTBP1 decreased the

mRNA levels of PKM2 and increased the levels of
PKM]1 in OCI-AML3 cell lines (Fig. 2C). In addition,
PKM2/PKM1 protein ratio was downregulated by
siPTBP1 (Fig. 2D). To confirm this notion even further,
we overexpressed PTBP1 by transfecting myc-PTBP1
plasmids and found that enforced PTBP1 expression.
Expectedly, enforced PTBP1 expression upregulated
the PKM2/PKM1 ratio in THP-1 cells (Fig. 2E-F) and
NB4 cells (Fig. 2G-H). Overall, these observations
show that high expression of PKM2 might be
upregulated by PTBP1 in leukemic cells.
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PKM2 mediates autophagic activation in
leukemic cells

Next, we elucidate whether PKM?2 is involved in
the autophagic process. Silencing PKM2 by shRNA
was performed to observe the effect of PKM2 on
autophagic activity. The results showed that depletion
of PKM2 significantly decreased LC3-II gene levels
and increased p62 levels in OCI-AML3 cells, and
similar results were obtained by western blot results.
In addition, treatment with autophagy activator rapa-
mycin reversed the changes in autophagic activity
caused by PKM2 knockdown (Fig. 3A-B). On the other
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expression. The results showed that PKM2 overexpr-
ession increased LC3-1I and decreased p62 levels. In
addition, exposure to autophagy inhibitor 3-MA
abrogated the enhancement of PKM2-induced autop-
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Collectively, these results demonstrate that PKM?2
mediates autophagic activation in leukemic cells.
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PKM2 increases the phosphorylation of
Beclin-1 in leukemic cells

To explore the molecular mechanisms under-
lying PKM2-mediated autophagic activation, we
explored whether PKM2 regulated the phosphoryla-
tion of autophagy protein Beclin-1. As showed in Fig.
4A, loss of PKM2 didn’t affect the mRNA levels of
Beclin-1. Interestingly, PKM2 depletion reduced
p-Beclin-1™119 levels, but no obvious reduction in
total protein Beclin-1 levels (Fig. 4B). And conversely,
overexpression of PKM2 increased the p-Beclin-1Th119
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levels in THP-1 cells (Fig. 4C). Similar results were
observed in NB4 cells (Fig. 4D). To further validate the
effect of PKM2 on Beclin-1 phosphorylation, we
transfected the PKM2 wild type (PKM2 WT) or
inactive PKM2 mutant (PKM2 K367M) into THP-1
and NB4 cells, respectively. As expected, the results
showed that PKM2 WT, but not PKM2 K367M,
increased the phosphorylation of Beclin-1 (Fig. 4E-F).
Altogether, these data indicate that PKM2 increases
the phosphorylation of Beclin-1 in leukemic cells.
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Figure 4. PKM2 increases the phosphorylation of Beclin-1 in leukemic cells. A The gene expression of Beclin-1 was determined by real-time PCR in OCI-AML3 cells
following PKM2 knockdown. B The phosphorylation levels of Beclin-1 were assessed by western blot in PKM2-silenced OCI-AML3 cells. C-D The expression of
p-Beclin-1Thr119, Beclin-1, and PKM2 proteins were determined by western blot in THP-1 and NB4 cells after PKM2 overexpression. E-F The protein expression was
assessed from the THP-1 and NB4 cells transfected with the plasmids expressing PKM2 WT or PKM2 K367M. The data are expressed as the mean * SD (n = 3). %p

< 0.05.
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PKM2 promotes cell survival via autophagic
activation

To explore the biological role of PKM2 in
NPM1-mutated leukemia, we observed the effect of
PKM2 on OCI-AML3 cell survival in vitro. The results
showed decreased number of cell clusters morpholo-
gically and a lower proportion of colony forming
units in the PKM2-silenced OCI-AML3 cells as
compared to the controls (Fig. 5A). The FACS results
revealed that PKM2 knockdown induced the
apoptosis of OCI-AMLS3 cells (Fig. 5B). In addition,
PKM2 knockdown inhibited cell proliferation in vitro,

however, rapamycin reversed the changes in
OCI-AML3 cells (Fig. 5C). Conversely, PKM2
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overexpression promoted cell proliferation whereas
3-MA abrogated the enhancement of PKM2-induced
growth advantage in THP-1 and NB4 cells (Fig. 5D-E).
Based on the aforementioned results that PKM2 could
increase the phosphorylation of Beclin-1, we further
performed a rescue assay to illustrate the effect of
Beclin-1 on PKM2-mediated cell survival. Tat-Beclin-
1, the Beclin-1 activator derived from a region of
protein Beclin-1 [%], was used to treat the PKM2-
silenced OCI-AML3 cells. The results showed that
Tat-Beclin-1 could reverse the effect on cell survival
due to knockdown of PKM2 (Fig. 5F). These results
indicate that PKM2 promotes cell survival via
autophagic activation.
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Figure 5. PKM2 promotes cell survival via autophagic activation. A Cell proliferation was assessed by colony formation in PKM2-silenced OCI-AML3 cells. B Cell
apoptosis was evaluated by flow cytometry analysis in PKM2-silenced OCI-AML3 cells. C Cell viability was detected in the PKM2-silenced OCI-AML3 cells and then
treated with rapamycin for indicated times by CCK-8 assay. D Cell viability was detected by CCK-8 in THP-1 cells and then treated with 3-MA for indicated times by
CCK-8 assay. E Cell viability was detected by CCK-8 in NB4 cells. F Cell proliferation was revealed by CCK-8 assay in PKM2-silenced OCI-AML3 cells and then
treated with Tat-Beclin-1. The data are expressed as the mean + SD (n = 3). *p < 0.05.
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High PKM2 expression is associated with poor
clinical outcomes in patients with
NPMI-mutated leukemia

Finally, we investigated the prognostic value of
PKM2 in AML patients using the dataset of TCGA, for
which clinical data were available. A total of 36
NPM1-mutated AML cases with normal karyotype
were selected and stratified by PKM2 expression
levels. Kaplan-Meier survival analysis revealed that
the NPM1-mutated AML patients with high PKM2
expression had a significantly shorter overall survival
(OS), compared to those with low PKM2 expression
(quartiles, p = 0.04, Fig. 6A). Additionally, the hazard
ratio (HR = 2.810) from TCGA samples confirmed the
poor outcome value of high PKM2 in AML. Moreover,
analysis of the three-year event-free survival (EFS)
showed that high PKM2 expression was evidently
associated with a poorer prognosis in NPM1-mutated
AML (median, p = 0.0092, HR = 3.240, Fig. 6B).
Collectively, these findings suggest that high PKM2
expression is associated with poor clinical outcomes
in patients with NPM1-mutated leukemia.

Discussion

Autophagy plays an important role in develop-
mental processes, human disease, and cellular
response to nutrient deprivation [?71. Over the last few
years, autophagy is emerging and receiving great
research attraction in leukemia [?8l. Recent studies
point out the glycometabolic enzymes are involved in
the autophagy process [?l. In the present study, we
found high expression of glycolytic enzyme PKM2 in
NPM1-mutated AML. Further experiments demonst-
rated that PKM2 mediated autophagic activation and
increased the phosphorylation levels of key
autophagy protein Beclin-1. Importantly, PKM?2
contributed to cell survival via autophagic activation
in vitro. Ultimately, the high levels of PKM2 were
positively associated with poor clinical outcomes in
AML patients with NPM1 mutation.

PKM?2 is an isoform of PK which regulates the

final rate-limiting step of glycolysis [%. Noticeably,
PKM2 is expressed in all proliferating cells including
normal proliferating cells and especially in tumor cells
(311, In this work, we analyzed PKM2 mRNA levels in
NPM1-mutated AML from the two public datasets
(Oncomine and TCGA) and further detected PKM2
expression in leukemic cell lines and AML primary
blasts. These results showed that PKM2 was highly
expressed in NPM1-mutated AML. Supporting our
idea is that Wang et al. 32 reported that PKM2 was
abundantly expressed in leukemic cell lines and
hematopoietic stem cells. Furthermore, we explored
the potential molecular mechanisms underlying the
increased expression of PKM2 in NPMIl-mutated
AML. It is well known that PKM2 (exon 10 inclusion)
and PKM1 (exon 9 inclusion) are different products of
PKM mRNA transcript spliced by a heterogeneous
nuclear ribonucleoprotein PTBP1 133, In the present
study, we found that knockdown of PTBP1 decreased
the PKM2/PKM]1 ratio and overexpression of PTBP1
increased the PKM2/PKMI1 ratio in leukemic cells,
which indicates that PKM2 is partially up-regulated
by PTBP1 in NPM1-mutated AML. These results are
consistent with those of a previous report by He et al.
B4, who observed that knockdown of PTBP1
expression led to an increase in the ratio of PKM1 vs
PKM2. Moreover, David et al. B3 reported that a
decrease in the expression of PTB, also known as
PTBP1, brought about switching from PKM2 to PKM1
expression in the mouse myoblast cell line C2C12.
Important previous data also revealed that PTB
resulted in the generation of PKM2 by controlling
exon 10 inclusion and exon 9 exclusion of PKM gene
in HeLa cells B¢l Certainly, further studies are
warranted to investigate what binding sites PTBP1
recognizes in the PKM gene leading to the mutually
exclusive splicing in NPM1-mutated leukemic cells.
Considering that glycometabolic key enzymes
constituted an important regulatory force in autopha-
gy process @1 and the high levels of PKM2 in
NPM1-mutated AML, we next assessed the role of
PMK2 on autophagy in NPM1-mutated
leukemic cells. The results showed that
silencing PKM2 resulted in the inhibition
of autophagic activity (decreased LC3II
and increased p62), and conversely,
overexpression PKM2 enforced autopha-
gic activity. More notably, autophagy
activator rapamycin or autophagy
inhibitor 3-MA could rescue the above
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Figure 6. High PKM2 expression is associated with poor clinical outcome in patients with
NPM1-mutated leukemia. A-B The survival outcome was showed by OS and EFS according to the
levels of PKM2 in NPMI-mutated leukemia patients with the log-rank test applied for comparison.

Time (months)

effects, respectively. A case in point is
that expression of PKM2 enhanced LC3B
levels to promote autophagic response in
glioma cells 1¥7l. Given that Beclin-1 is the
key protein in autophagy initiation [,
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we further explored whether PKM2 functioned as a
protein kinase to regulate the phosphorylation levels
of Beclin-1. Our results showed that there was no
significant change in the mRNA levels of Beclin-1
between the group of silenced PKM2 and the control.
Of significance, p-Beclin-1T™119 ]Jevels were repressed
by PKM2 knockdown while the p-Beclin-1T119 Jevels
were increased by PKM2 overexpression. Addition-
ally, the inactive PKM2 mutant (K367M) couldn’t
affect the phosphorylation of Beclin-1, which further
confirmed that PKM2 might increase Beclin-1
phosphorylation. Of note, the phosphorylation of
Thr119 is required for the dissociation of Beclin-1
from Bcl-2 B9, we next will use a Beclin-1 mutant, in
which Thr119 is substituted by alanine (T119A) [22], to
identify PKM2-mediated phosphorylation at this site.
In addition, further studies are also needed to test the
contribution of PKM2-mediated Beclin-1 phosphory-
lation to autophagic activity. Collectively, our observ-
ations for the first time indicate that PKM2 promotes
autophagic activity and Beclin-1 phosphorylation.
Next, we investigated the biological roles of
PKM2 via autophagy in NPMIl-mutated leukemic
cells. Our data firstly showed that PKM2 knockdown
inhibited colony forming potential of OCI-AML3 cells
and induced cell apoptosis. Previous work demons-
trated that knockdown of PKM2 resulted in decreased
viability and increased apoptosis in hepatocellular
carcinoma and ovarian carcinoma 40, Furthermore,
we explored the effect of PKM2-mediated autophagy
on leukemic cell survival. The results revealed that
autophagy activator rapamycin reversed the
inhibiting effect on cell proliferation caused by PKM2
knockdown, while autophagy inhibitor 3-MA rescued
the inducement of cell proliferation caused by PKM2
overexpression. Pioneer studies demonstrated that
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Figure 7. Schematic diagram describes the potential biological role of PKM2 in NPM1-mutated

leukemic cells.

PKM2 knockdown caused impairment of the autoph-
agic process, and consequently inhibited pancreatic
cancer cell growth [, Based on the aforementioned
results, we further investigate whether Beclin-1 is
involved in PKM2-mediated autophagic cell survival.
In this study, we used Tat-Beclin-1, a Beclin-1
activator, to treat PKIM2-silenced OCI-AML3 cells and
found that Tat-Beclin-1 rescued the inhibitory cell
proliferation due to PKM2 knockdown. Our data
indicate a potential function of PKM2 in promoting
cell survival by sustaining autophagy in NPM1-
mutated AML. In our experiments, OCI-AML3 cell
line is accessible to be selected for research. In a future
study, we will use another NPM1 mutant positive
IMS-M2 cell line 2 to further verify the role of PKM2
in the autophagic process in NPMl-mutated AML.
Certainly, a major challenge in the future will be to
elucidate the effects of PKM2 on autophagic activity
in mouse knock-in models that mimic human
NPM1-mutated AML.

Finally, we explored the relationship between
high PKM2 expression and prognosis. The results
revealed that NPMIl-mutated AML patients
expressing higher PKM2 levels had a shorter overall
survival rate and event-free survival. Consistently,
Mohammad et al. 3 observed that PKM2 had strong
expression, and found that overexpression of PKM2
was associated with poor prognosis in pancreatic
cancer. In addition, according to Panchabhai et al. [4],
patients with higher levels of PKM2 gene expression
had a poor prognosis as compared to those with lower
levels in multiple myeloma. These findings and our
data imply that the glycolytic enzyme PKM2 could
function as a potential prognostic value in NPM1-
mutated leukemia.

Conclusions

In summary, our research demo-
nstrates that PKM2 highly expresses in
NPM1-mutated AML and was partially
upregulated by the expression of
PTBP1. We identify for the first time
that PKM2 mediates autophagic activa-
tion and increases the phosphorylation
of key autophagy protein Beclin-1.
Importantly, PKM2 contributes to cell
survival via autophagic activation in
vitro (Fig. 7). Ultimately, the upregula-
tion of PKM2 is significantly associated
with poor clinical outcomes in patients
with NPM1-mutated leukemia. These
discoveries suggest that PKM2 might be
a potential therapeutic target in NPM1-
mutated AML.

Cell survival
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